Tissue engineering has been recognized as a translational approach to replace damaged tissue or whole organs. Engineering tissue, however, faces an outstanding knowledge gap in the challenge to fully recapitulate complex organ-specific features. Major components, such as cells, matrix, and architecture, must each be carefully controlled to engineer tissue-specific structure and function that mimics what is found in vivo. Here we review different methods to engineer tissue, and discuss critical challenges in recapitulating the unique features and functional units in four major organs-the kidney, liver, heart, and lung, which are also the top four candidates for organ transplantation in the USA. We highlight advances in tissue engineering approaches to enable the regeneration of complex tissue and organ substitutes, and provide tissue-specific models for drug testing and disease modeling. We discuss the current challenges and future perspectives toward engineering human tissue models.
Tissue engineering has emerged as a promising approach with two major goals: (1) to develop tissue and organ substitutes for clinical transplantation to replace damaged regions and restore organ function and (2) to build human tissue chips and replace animal models for drug screening and disease modeling. To date, multiple levels of complexity have been achieved with existing technologies to precisely position cells at scales from the single cell to whole tissue-level architectures. Clinical success has been achieved in simple flat tissue transplantation, such as skin and bladder, [1, 2] which contain few cell types and require simpler engineering designs. Multiple human organs-on-a-chip have been actively developed for the study of drug response and pharmaceutical kinetics. [3] [4] [5] [6] [7] Engineering complex metabolically-demanding tissues, however, requires higher-order organization across interacting functional compartments (e.g., parenchyma and vasculature; cells, and matrix), at molecular, cellular and tissue scales, in addition to adequate mass to generate physiological tissue function. [8, 9] Each organ varies in its unique structural componentsnamely different cell types, matrix, and architecture among them, biophysical environment-pressure and flow, and biochemical stimuli-oxygen tension, cytokines, and growth factors, to support the specific organ function. In this review, we discuss the unique features and critical engineering challenges to tissue engineering in four major organs, focusing on the organs that top the organ transplant waiting list in the USA: the kidney, the liver, the heart, and the lung. [10, 11] We will review advanced tissue engineering techniques that enable engineering organ-specific functional units for drug testing and reconstruction of thick tissue constructs for transplant. We will discuss organ-specific cells, matrix sources, and architectures, and highlight the bottlenecks and prospective for organ-specific tissue engineering.
Defining features of the kidney, liver, heart, and lung
The human body has levels of organization that build on each other: cells and matrices make up tissues, tissues make up organs, and organs make up systems to support the various bodily functions. At each level of organization, structure is closely related to function. The structure of kidneys, liver, heart, and lungs, therefore, reflects their specialized functions. Kidneys filter toxins and waste out of the body and produce urine. The liver produces and regulates many chemicals, substances, and proteins in the body. The heart pumps blood throughout the body, and lungs take up oxygen and release carbon dioxide. These functions are achieved via either repeating functional units, such as in the lungs, liver, and kidneys, or adequate mass, such as in the heart. It is important to recognize the basic structural units or mass in each organ to achieve tissue or organ-level functions.
Kidney
The fundamental functional unit of the kidney is the nephron [ Fig. 1(a) ], with each human kidney containing between 6 × 10 5 and 1.4 × 10 6 nephrons. [12] A nephron is composed of multiple segments, beginning with Bowman's capsule, followed by the proximal tubule in the cortex, loop of Henle in the medulla, distal tubule in the cortex, and collecting ducts toward the ureter. These segments selectively filter, secrete, or reabsorb solutes, regulate the composition and volume of extracellular fluid, and maintain blood pressure. The kidney capillaries wrap closely around the nephron, providing nutrient support as well as actively participating in solute exchange. In fact, the kidney is highly vascular, receives about 25% of cardiac output, and is particularly susceptible to injury due to its dual dynamic functions. [13] [14] [15] [16] After injury, these segments along with capillaries have limited regenerative capacity, which may contribute to tissue ischemia, tubular dysfunction, inflammation, fibrosis, and the development of chronic kidney diseases. [16, 17] The functional structural unit at the exchange interface of the kidney consists of three components: the tubular lumen, Figure 1 . Functional units of the kidney, liver, heart, and lung. The nephron (a), liver sinusoid (b), and alveolus (d), are considered the functional units of the kidney, liver, and lung, respectively. The heart contains distinct epicardial, myocardial, and endocardial layers that each contribute to its function (c). Figures adapted from Bussolati and Camussi (a), [18] Gordillo et al. (b), [19] Laizzo (c), [20] and Desai et al. (d) .
the vessel lumen, and a thin layer of basement membrane in between. Both sides of lumen are lined with specialized cells. Fenestrated endothelial cells with a rich glycocalyx along the capillary lumen, and epithelial cells with various signatures corresponding to different nephron segments in the tubular lumen. [22] For example, proximal tubular epithelial cells have a densely-packed bed of straight microvilli on the apical surface (brush border), narrow tight junctions, lateral cell surface folds with Na+/K+-ATPase transporters, and transmembrane water channels such as aquaporin-1 to control absorption and fluid transport. [23] Specialized epithelial cells called podocytes line the visceral layer of Bowman's space, and have unique foot processes that interdigitate extensively while leaving small gaps in between (∼25 nm wide). These gaps are spanned by a filtration slit membrane to control filtration, although its chemical composition is still a subject of investigation. [24, 25] The basement membrane matrix is <1 µm thick, and rich in collagen IV and laminin. [26, 27] Other cell types such as mesangial cells and perivascular cells may not directly participate in exchange, but rather provide structural support and secrete signals during injury and may even regulate blood flow by their contractility. [28] These specialized cells and matrix control the transport efficiency between blood and urine. Therefore, the engineering challenges for the kidney exchange interface rely on the recapitulating the close proximity of vessels and tubules with appropriate cell phenotypes and matrix to ensure the proper transport and accurate recreation of renal physiology and pathology.
Liver
The liver has a highly-organized architecture to serve its function, which has provided a daunting challenge to liver tissue engineering to reconstruct the tissue structure and function at large scales. For example, hepatocytes are known to require organized stromal support for proper function. [29] [30] [31] [32] [33] Liver function is supported by four major structural components: the hepatocytes that perform the metabolic reactions, the connective tissue stroma, the sinusoidal capillaries that deliver vascular flow to the hepatocytes, and the perisinusoidal space between the capillaries and the hepatocytes (also known as the space of Disse). [34] In addition, the classic hepatic lobule architecture describes a hexagonal mass of tissue that surrounds a central vein, and whose corners are the portal canals containing the triad of hepatic portal vein, hepatic artery, and bile duct. [35] Two distinct fluid flows travel in opposite directions in the liver lobule to provide a mix of oxygenated and deoxygenated blood from hepatic artery and hepatic portal veins, that travels through the sinusoid and drains into the central vein. This unique architecture provides the hierarchy for efficient cell-cell interactions and complex transport.
One unique structure in the liver that supports its special function is the hepatic sinusoids [Fig 1(b) ]. The sinusoids have a discontinuous endothelium, containing both large fenestrae without diaphragms and large gaps between adjacent endothelial cells. [36, 37] Part of the endothelial lining are stellate sinusoidal macrophages, also known as Kupffer cells, that play an important role in innate immunity in the liver. [38] In between the basal side of the hepatocytes and the sinusoids is the perisinusoidal space that allows for significant exchange between blood plasma and the hepatocytes. The gaps in the sinusoidal endothelium and the lack of a continuous basal lamina, as well as microvilli projections on the basal side of the hepatocytes, combine to increase the material exchange efficiency in this space. Within the perisinusoidal space, there also exist hepatic stellate cells, which are the primary sites for vitamin A storage. [39] These cells contain contractile elements that can constrict the sinusoids to increase vascular resistance, and they are also involved in extracellular matrix remodeling in response to liver injury. [40] Engineering liverspecific tissue requires not only these specialized cells, but also biomimetic architecture among cells in addition to adequate mass for physiological function, which further requires a hierarchical vasculature and perfusion support.
Heart
The heart is a muscular pump located in the chest cavity that requires high metabolic support to drive unidirectional blood flow into the pulmonary and systemic circulations during each contraction cycle. This delicate and powerful pump requires a highly organized layered architecture to generate contractile force efficiently and rhythmically, and a highly organized vasculature to provide sufficient nutrient support.
There are three layers in the heart muscle: epicardium, myocardium, and endocardium, from the outermost to the innermost, respectively [ Fig. 1(c) ]. The epicardium contains the coronary blood vessels and nerves to support the heart's metabolic demand and rhythmic electrical propagation in the myocardium. The myocardium is a thick muscle layer with a helical architecture such that contraction propagates in an asynchronous manner, leading to both shortening and twisting of the ventricle during pumping [41] and maximized contraction and pumping efficiency. [42] [43] [44] In addition to cardiomyocytes, the myocardium also contains a large amount of cardiac fibroblasts and supporting vasculature. Nearly every myocardial cell is within 20 µm of a perfused capillary to facilitate the delivery of nutrients and oxygen and the removal of waste to support their high metabolic demand. [45] Along the epicardial surface, two coronary arteries branch off and divide into smaller arterioles and capillaries, which then penetrate deeply into the myocardium. The coronary blood supply can adapt to varying mechanical and metabolic circumstances by dynamically altering coronary vascular resistance. In the innermost layer, the endocardium makes direct contact with blood and is continuous with the circulatory system. It encompasses a specialized endothelial layer, its underlying layer of connective tissue and smooth muscle, and a deeper layer of connective tissue that contains the conductive fibers to initiate the rhythmic pumping activity.
The heart valves that control the flow between heart chambers are another unique cardiac structure. Valve disorders are common, and there is significant medical need to replace damaged or diseased valves. [46, 47] These valves are rather thin, but are subjected to significant mechanical forces during normal function. Cardiac tissue engineering has focused on these two major goals: to remuscularize the heart via either cell injection or thick myocardium transplant, and to recreate live mechanically sound heart valves. Though much progress has been made, state-of-the-art engineered cardiac tissue remains functionally inferior to the mature normal myocardium found in vivo. The hierarchical organization of cardiomyocytes, vascularization, and multi-cellular proximity in three-dimensional (3D) thick constructs still pose a critical challenge, and the interactions between vasculature and perfusion with cardiomyocyte maturation remain elusive.
Lung
The fundamental functional unit of the lungs is the air-blood exchange interface in the respiratory zone, called alveoli [ Fig. 1(d) ]. The lungs have highly branched hierarchical airways in which there are more than 20 generations of airway branching, each resulting in narrower, shorter, and more numerous tubes. At the end of the airways, dense clusters form, known as alveolar sacs, each with diameter about 0.2 mm. [48, 49] The number of alveoli increases along the bronchioles. Neighboring alveoli in these clusters are separated by a very thin layer of connective tissue, mostly composed of collagen and elastin fibers, known as the alveolar septum. [50] The alveolar space, septum, and surrounding capillaries form an air-blood barrier as a double-layer wall system. [51] These barriers contain both a thin and a thick portion. [52, 53] The thin portion only consists of a surfactant layer, a type I pneumocyte with its basal lamina, and the capillary endothelial cells with its basal lamina. In the thick portion, some connective tissue and fibers can be found between the two layers of basal laminae that alter the thickness of the membrane, and is the site for fluid accumulation that drains into the lymphatic system. The architecture of the lung is particularly challenging to replicate using modern engineering approaches due to its hierarchical structure in three dimensions and biomechanical properties that permit breathing. Not only are the vascular and alveolar compartments organized in complex trees, but also the whole network resides in a flexible and dynamic matrix constantly in motion. In light of these challenges, lung tissue engineering has focused on either whole organ development or two cell layer interfaces, with limited structural and functional recapitulation.
Engineering organ-specific tissue and functional units
Complex organ structure may be recapitulated to different degrees by controlling cells, matrix, and architectures at the molecular, cellular, and tissue scales. In general, the engineering approaches balance two competing principles, top-down, and bottom-up engineering. Top-down engineering may be driven by the cells or scaffolds. Macroscopic scaffolds, or even whole organ scaffolds can be repopulated with cells to allow for cellular remodeling and self-assembly, and take the shape of a complex engineered tissue. [54] [55] [56] [57] [58] [59] [60] [61] In contrast, bottom-up approaches involve engineering the smallest component elements of a tissue and directly assembling them into a larger construct. [62] Like building a house brick-by-brick, bottom-up engineering aims to explicitly specify fundamental units and organizations of cell-cell and cell-matrix interactions. Stem cell engineering has also made it possible to generate organoids, and organ-specific parenchyma from a single-cell source-human pluripotent stem cells (hPSC). [63] Here we focus on reviewing the state of the art of engineering approaches to allow for the control of geometry, cell-matrix architecture, matrix patterning, and their application toward engineering organs or organ-specific functional units.
Whole-organ scaffolds
The most advanced top-down method uses whole organs as the scaffold. With donor or cadaveric organs as the source, whole organs can be decellularized and then re-seeded with a patient's own cells. [56, 57] This method has the major advantage of native matrix composition and complex architecture to regenerate functional whole organs that may be used in therapeutic approaches for organ transplantation. Decellularization is commonly achieved by perfusion of detergents, often including SDS and Triton X-100.
[64] The process yields a scaffold with both native structure and a complex, cell-produced matrix that maintains the spatial distribution of extracellular matrix proteins. [65] These cell-free organs can be seeded with cells from another individual or organism. Once seeded, material and microenvironmental cues are thought to direct the organization of cells within the scaffold. Success has been made for all four organs. [58] [59] [60] [61] 66, 67] After recellularization and culture under perfusion, rat kidneys were shown to produce dilute urine, [61] hearts could weakly pump at physiological loads, [58] and lungs could oxygenate blood. [59, 60] These successes have drawn considerable interest and follow-up in whole organ decellularization as a potential therapeutic approach for organ transplantation. Effective strategies to mature the cells seeded on the organ, as well as reliable sources for the large number of cells necessary to repopulate whole organs remain hurdles to the progression of this technology.
Advances in stem cell technology could provide reliable cell sources to address this problem. Induced pluripotent stem cells (iPSC), which can be formed by treatment of adult somatic cells with reprogramming factors, can differentiate into all cell types in the body. [68, 69] Through this technology, it is possible to generate many patient-specific cells that may be useful in seeding decellularized organs. Their regenerative potential and ability to differentiate into multiple cell lineages to further promote recellularization may lead to higher levels of organ-specific function. [70] [71] [72] Organ-specific functional units
As whole organ scaffolds continue to improve, engineered organ-specific tissue has drawn considerable attention as a Biomaterials for 3D Cell Biology Prospective Article method to recapitulate organ functional units to understand organ microphysiology, mechanisms of injury and the regeneration response, drug toxicity, and disease progression. These so-called microphysiological systems (MPS) have pushed forward the frontiers of engineering, fundamental biology, and pharmaceutical applications. [3, 4, [73] [74] [75] These successes will drive a shift in the drug development process from animal models toward high-throughput screening in human MPS to benefit healthcare. The common features of these MPS include miniaturization to minimize the requirement for cells and reagents, controlled exposure to biophysical (i.e., flow, pressure, oxygen tension) and biochemical stimuli (organ-specific growth factors and cytokines), and spatially controlled cell-cell and cellmatrix interactions. The engineering platforms range from simple microfluidic flow chambers, [7] to complex 3D tissues with controlled interactions between parenchyma and vasculature. [76, 77] Many MPS may be connected to attempt to capture the diverse interactions among tissues throughout the body. The following techniques have been applied to achieve various levels of complexity.
Soft lithography
In the past 15 years, soft lithography, as a bottom-up engineering approach, has been developed and exploited extensively to benefit the understanding of biology and medicine. Using light patterning, small features, ranging from the hundreds of nanometers to hundreds of microns, can be created in various photoresists and then transferred to a "soft" material, like polydimethylsiloxane (PDMS). [78] [79] [80] [81] This scale covers the microscale features found in many organs and allows the creation of biomimetic structures. Once these structures have been patterned into PDMS, cells can be seeded directly after modifying the surface of the PDMS or a second round of patterning can transfer the features to a hydrogel for 3D culture. Soft lithography has been used in the study of cell monolayers under flow, [82] [83] [84] cell-cell layer interactions, [85] [86] [87] microcontact printing, [88] and a wide variety of other engineering applications. [89, 90] In these approaches, soft lithography provides very high resolution for engineered features. This enables the creation of geometries on the same scale as those found in organs that are generally durable and easy to work with. The limitation of this approach is that due to the transfer step from wafer to PDMS, designs must be confined to planar patterns that do not contain undercuts or overhangs. This fact, combined with the inability of cells to interact with and remodel the PDMS itself, make luminal structures one of the primary applications of soft lithography.
Nonetheless, due to its simplicity and high-throughput fabrication, PDMS-based soft lithography has been applied to generate the kidney endothelial-epithelial interface to evaluate drug-induced nephrotoxicity. Representative studies include those by the Ingber group [91] and the Takayama group, [92] where multilayered devices were made in PDMS, which include two channels separated by a porous membrane. Cells coat the top channel and the bottom channel is left unseeded to mimic the interstitial space [ Fig. 2(a) ]. Perfusion of both channels allows drug uptake and clearance to be evaluated under physiologic conditions. Results from their studies highlighted the need for culture under biomimetic conditions, as culture under flow altered the cytotoxicity of applied drugs and reflected a shortcoming of static culture techniques. In particular, the Takayama group [92] showed a different drug response to continuous low-concentration perfusion or a bolus style delivery. Continuous delivery of the drug was more damaging to the cells, resulting in greater loss of junctional proteins and an increase in permeability. These studies demonstrate the possibility of these models to explore the dynamics of renal drug toxicity and provide more than a simple binary readout for a drug's effect.
PDMS based soft lithography has also been used in engineering microenvironments for liver, heart and lungs. Lee et al. have generated a cord of hepatocytes in a PDMS-based microfluidic chamber to mimic the liver sinusoid in its mass transport properties. [95] Although this system simplifies the sinusoid by culturing purely hepatocytes, it applies consistent physiologic transport conditions matched to healthy tissue, and allows researchers to understand the response of hepatocytes under controlled hydrodynamic conditions. A modified version of this device was recently used by Gori et al. to model nonalcoholic fatty liver disease [ Fig. 2(b) ]. [93] Their work showed that hepatocytes cultured on this platform had triglyceride accumulation closer to in vivo conditions than the two-dimensional (2D) culture. Similarly PDMS-based microfluidics have also been explored for hepatocyte metabolism. The Leclerc group developed a platform to culture primary hepatocytes under dynamic flow conditions mimicking those found in vivo, and showed enhanced recapitulation of an in vivo like phenotype. [96] Soft lithography in heart tissue engineering studies has been generally limited to creating cardiomyocyte monolayers or cell sheets for high-throughput drug testing [97, 98] For example, the Kim group has shown that nanopatterned cues can induce the alignment and organization of iPS-derived cardiomyocytes. [99] These sheets can also be made using cells from a diseased background (e.g., muscular dystrophy) to explore their unique biology and investigate possible therapeutic approaches. [100] Mathur et al. further expanded the usage of soft lithography to create aligned 3D microtissues with iPSC-derived cardiomyocytes [ Fig. 2(c) ]. [7] In this model, cardiomyocytes are exposed to drugs in a way that more closely mimics that of healthy cardiac tissue. By creating an artificial endothelial-like barrier, the mass transport to the tissue is controlled and more physiological. As a result, this device was more predictive of the effectiveness of a clinically available cardiac therapeutic than conventional 2D platforms.
The greatest tissue complexity achieved with PDMS-based soft lithography is in the recreation of the lung exchange barrier with a device with controlled motion to mimic the breathing rhythm and mechanical tension. The Ingber group has used this to make important strides in modeling the mechanics of lung tissue. [87] In a multilayered PDMS device, two channels serve to mimic the lung [ Fig. 2(d) ]. The lower chamber contains an endothelial layer and is separated from the upper chamber by a porous PDMS layer. An epithelial layer lines the upper chamber. Two additional chambers flank the cell containing channels on either side. By pulling a vacuum through these additional chambers, the epithelial and endothelial layers can be stretched, mimicking the mechanical forces experienced in [91] ). Soft lithographic approaches by Gori et al. expose hepatocyte clusters to physiological mass transport (b, figure adapted from Gori et al. [93] ). Mathur et al. created 3D microtissues using cardiomyocytes in a mold with controlled transport properties (c, figure adapted from Mathur et al. [7] ). The Ingber group has developed multiple soft lithographic platforms that mimic the mechanical forces of the lung (d, figure adapted from Huh et al. [87] ) and its unique air and blood interfaces (e, figure adapted from Benam et al. [94] ).
Biomaterials for 3D Cell Biology Prospective Article the lung. When cultured with immune cells and stimulated by tumor necrosis factor-α, neutrophils could transmigrate across the endothelium into the epithelium. Bacteria in the airway channel could drive neutrophils across the endothelium to consume bacteria on the epithelial surface. Additionally, this model provided insight into the role of mechanical strain in the uptake of nanoparticulates. The lung on chip model was further refined to include a differentiated and beating mucociliary bronchiolar epithelium [ Fig. 2(e) ]. [94] Using primary cells isolated from healthy and diseased patients, this small-airway model was used to investigate asthma and chronic obstructive pulmonary disease (COPD). This allowed the analysis of both the effectiveness of some therapeutic agents as well as provided insight into their mechanism of action.
Hydrogel-based casting, molding, and stamping Advances in biomaterials, particularly hydrogels, have made it possible to provide important matrix support and modulate cell-matrix interactions, to achieve long-term culture and recapitulate in vivo microphysiology. [101, 102] A long-standing technique is to embed cells into bulk gel constructs, so that cells can readily communicate with the surrounding matrix and other cells to reorganize and remodel the microenvironment toward functional constructs. [103] This approach is relatively simple, however, often taking on an amorphous macroscopic structure. Engineering constructs with controllable features need to combine the advances in hydrogel development with different molding and casting engineering techniques to more closely mimic the essential structural architecture of cells, tissues, and organs. There are techniques to create shapes and structures by subtracting or adding materials. Tissue can be formed by step-wise casting and layered construction or through macroscopic casting or automatic printing. Each technique, however, has different limits and criteria for material selection.
Subtractive casting. Subtractive casting is often used to create a void space or hollow tube in bulk hydrogels. Simple geometries such as a straight tube can be achieved by crosslinking a bulk hydrogel around a straight rod (e.g., an acupuncture needle). [104, 105] Once the gel has set, the rod is removed, and an open lumen is formed. Taking advantage of this simple setup, this technique has been used to make endothelialized tubes for the endothelial response to biophysical and biochemical stimuli and their interactions with surrounding cells. [105] This approach benefits from its simple setup, but is also limited by its simple geometry. Multiple rods can be positioned in a spatially distributed manner with macroscopic control to generate multiple tubes in one hydrogel device. [106] These complexities provide an opportunity to control the biophysical flow and transport among tubes to mimic the vascular-lymphatic communication, as well as the exchange between the vasculature and surrounding tissue, or tubules, as in the kidneys for example.
Sacrificial material molding. Complex structures can
also be made with subtractive casting, using sacrificial materials via multi-step casting and molding techniques. To create complex patterns in gel, networks must first be created in a dissolvable or removable material that can be embedded in a bulk gel. Once surrounded by cross-linked gel, the network pattern is then dissolved or evacuated from the matrix. Engineered patterns have been created in multiple materials, including gelatin [107] and sugar. [108] For very complex geometries, the entire vasculature of an organ has been converted into a sacrificial material that could then be encased and dissolved in a hydrogel. [109] The selection of materials for sacrificial molding, however, are limited. For cells to survive in the bulk matrix, the sacrificial step must be gentle, avoiding cytotoxic solvents and extreme temperatures.
Layered stamping. Rather than encasing a pattern within a gel, patterns may be transferred plane-by-plane through repeated steps of stamping and layering. Stamps containing negative or positive features made through lithography, milling, or other processes are covered in a hydrogel solution that is then set. Once the stamp is removed, these open features can then be used directly, [32] or this process can be repeated and the stamped hydrogel layers stacked to create complex 3D tissues. [110, 111] The process of stacking and aligning many independent and often fragile layers can be challenging, although automation or refinements to the stacking process can address this limitation.
Macroscopic molding. For even larger constructs, molds from the millimeter to centimeter scale can also be created. These molds often sacrifice control of the microscale features of tissues in the name of a more functional or easier to manipulate macroscopic construct. [55, 112] While the external geometry of these constructs can be tightly controlled, the localization of cells and matrix within the tissue, as well as the inclusion of an embedded vascular network is very limited. Other techniques are poised to bridge the gaps between these micro-and macro-scale approaches. [113] These approaches have pushed the frontier of organ-specific functional units to allow for cell and matrix patterning and remodeling simultaneously for both short-and long-term culture, and to better mimic the cellular, biochemical, and biophysical microphysiology found in vivo. Extensive applications have been made in this direction.
Subtractive casting has been applied to generate a single vessel or tubular structure to mimic kidney tubules. Kelly et al. have used single-tube-based devices (Nortis, Inc.) to recreate a microphysiological model of human kidney proximal tubule [ Fig. 3(a) ]. They demonstrated the appropriate polarity and marker expression of the proximal tubule in this 3D flowdirected MPS. [5] More importantly, these tubules exhibited biochemical and synthetic activity, as well as secretory and reabsorptive features associated with proximal tubule function in vivo. The same devices have also been used to generate a human four-cell sequentially layered self-assembled liver MPS. [114] In this system, human hepatocytes, endothelial cells, and Kupffer cells are all sequentially layered as cell suspensions into the device, followed by the addition of a layer of collagen gel containing encapsulated hepatic stellate cells. [114] Using this setup, they were able to demonstrate reasonable response to drugs in terms of toxicity and fibrotic response, and validated it as a liver MPS model for drug development. Furthermore, these individual MPS can be connected and coupled together to study inter-organ interactions (i.e., kidney proximal tubule model with intestine, liver, blood-brain barrier, and skeletal muscle). [76] A more complex subtractive casting process was recently applied in kidney by Huling et al. to recreate the kidney vasculature through several dissolving and casting steps. [109] First, whole rat kidneys were perfused with polycaprolactone (PCL) to create a cast of the renal vasculature. Kidney tissue was then dissolved away, and resulting PCL casting was coated with a layer of collagen I matrix. In a second digestion step, the PCL was then dissolved in acetone, leaving behind a perfusable copy of the kidney vasculature. Finally, this network was embedded in a bulk collagen gel, forming a densely vascularized engineered tissue containing glomerular structures. This multi-step casting technique recreated the vascular networks at the level of complexity advanced engineering techniques have yet to accomplish de novo. The system, however, may be too complex for understanding the cellular response to biophysical and biochemical cues at mechanistic level. A more controlled geometry with appropriate perfusion dynamics would allow for an understanding of drug-induced toxicity and the injury-regeneration capacities of kidney vascular networks. Our group has combined injection molding, lithography, and layered stamping to create 3D human kidney peritubular microvessel networks in collagen [ Fig. 3(b) ]. [115] A major advantage of these devices is that cells may interact with and remodel the surrounding matrix, which can also be embedded with additional cell types such as pericytes. Our study showed for the first time that fenestrated human kidney microvessels can be created and maintained under flow. The advantage of this technique is that it allowed for the addition and combination of multiple layers, which can mimic the filtration barrier or endothelial-tubular interface for mechanistic studies of kidney exchange functions.
Similarly, more complex models of the liver have been achieved through molding and stamping for improved functional outcomes. For example, Stevens et al. developed a multistep casting process and applied it to liver tissue [ Fig. 3(c) ]. [32] In this approach, cells are first patterned into the negative features of a mold (intaglio) and encapsulated in a hydrogel. Once set, the hydrogel is removed and inverted from the mold. The raised features in this hydrogel contain the first-cell population and a second-cell population can be patterned into the recesses. Using this technique, primary or iPSC-derived hepatic aggregates could be surrounded by endothelial or stromal cells, which were found to alter tissue function once implanted in mice. In more recent work, they have shown that engineered cords of endothelial cells and hepatocytes could be micropatterned to create a vascularized liver tissue when implanted in vivo. [116] Hydrogel-based molding and casting have also been explored extensively in cardiac tissue engineering. Nunes et al. cast differentiated cells in a collagen gel around a surgical suture to promote the alignment of encapsulated PSC-derived cardiomyocytes. [55] Over the course of 1 week, the cells compacted the matrix, aligned along the length of the suture, and beat synchronously. Providing the cells with a surface to compact against is a common theme in engineered cardiac tissues, and has been achieved using other geometries. For example, Lee et al. cast primary rat cardiac cells in a collagen and Matrigel ® matrix around an inflated balloon catheter [ Fig. 3  (d) ].
[112] Over 7-10 days, the cells compacted around this surface to form a model ventricle that beat and produced pressure. These hydrogel-based constructs may also be supplemented with mechanical loads (i.e., constant or cyclic stress and strain) that mimic the physiological conditions in vivo. On an absorbable gelatin sponge scaffold, Mihic et al. seeded human embryonic stem cell (hESC)-derived cardiomyocytes and applied cyclic uniaxial stretch. [117] Through this loading regime meant to mimic the mechanical load on cardiomyocytes in the first few months of post-natal life, cardiomyocytes attained a more mature phenotype and were implantable in ischemic rat hearts. Uniaxial stretch can also be applied directly to bulk hydrogels containing cardiomyocytes, as in constructs prepared by Tulloch et al. [118] In these conditions, stretch also promoted maturation and alignment of cardiomyocytes, and could be combined with endothelial cells to promote the self-assembly of vascular structures in the tissue.
A major thrust in hydrogel-based thick tissue engineering is to engineer perfusable vessel networks that support the high metabolic demands of thick tissues. Our group has used collagen gel-based soft lithography to pattern vessel networks in cardiac tissues. [54] When cardiomyocytes are combined with stromal cells in the bulk collagen and endothelial cells in the vessels, synchronized electrical activity was observed along with angiogenesis into avascular regions of the construct. Zhang et al. reported the development of a vascularized platform, which could support multiple tissues, including cardiac cells [ Fig. 3(e) ]. [111] By repeated steps of casting and stamping from molds created by soft lithography, a complex 3D vascular network was created in a citric-acid-based elastomer. Around this network, hESC-derived cardiomyocytes could be cast in fibrin gel or Matrigel and resulted in contractile vascularized constructs that could be directly anastomosed to the femoral arteries and veins of rat hind limbs.
Bioprinting. More complex 3D structures can be achieved by bioprinting, a technique that has recently exploded in popularity and rapidly developed. Drawing inspiration from conventional 3D printing of plastics and metals, bioprinting Biomaterials for 3D Cell Biology Prospective Article may construct tissues in full complexity from the bottom up, by directly controlling the placement of cells and matrix. [119] [120] [121] With a range of natural and synthetic materials to choose from, hydrogels have become an essential component in many bioprinting applications. [120, 122] Materials, including polymers such as collagen, and polyethylene glycol, can often be easily modified to tune features like their mechanical properties, degradation rate, and gelation kinetics. [123] These modifications enable tighter control over both the printability of a gel and its ability to match the properties of the tissue being printed in the pursuit of more biomimetic constructs. Composite hydrogels [124] and decellularized extracellular matrix hydrogels [121, 125] further expand the range of material and biochemical properties available for bioprinting. The designs for bioprinted tissues may be a carefully engineered shape, or a personalized 3D reconstruction extracted from a patient's imaging data (e.g., computed tomography and magnetic resonance imaging). Either through selective deposition, or selective cross-linking, bioprinting comes in several flavors, each with their own advantages and disadvantages. [113, 126] [5] ). Our group has utilized stamping to form a 3D peritubular vascular network in collagen I containing human kidney microvascular endothelial cells (b, adapted from Ligresti et al. [115] ). The InVERT molding strategy developed by Stevens et al. allows multiple hepatic subtypes to be cultured with spatial and geometric control (c, figure adapted from Stevens et al. [32] ). By bulk molding, Lee et al. created centimeter-scale cardiac organoid chambers that had low levels of pump function (d, figure adapted from Lee et al. [112] ). Highly vascularized 3D cardiac tissues were created by the Radisic group using a stamping and layering technique (e, figure adapted from Zhang et al. [111] ).
The simplest version of bioprinting has two core components, a moveable stage and extruder. Together the stage and extruder have three axes of freedom (e.g., the stage may move in ±Z, and the extruder in ±X and ±Y ). The extruder deposits the biomaterial onto the stage and builds up the tissue layer by layer. Each layer is like a single 2D print, with the extruder tracing out a single planar geometry. Once one layer is complete and has crosslinked, the stage is lowered (or the extruder is raised) by a set amount, and the geometry of the next layer is extruded. This process repeats until the whole 3D structure has been printed. Extruders come in several varieties and often eject material by air pressure or thermal actuation. [127] Soft lithography bioprinters cut out a few of the moving parts and trade-in an extruder for a projector and photocrosslinkable biomaterials. Rather than tracing out each layer, the projector projects a photomask onto the bed, crosslinking a single layer of material and attaching it to the stage. This process is repeated layer by layer as the stage moves in the Z to create the tissue. [128] Advances in bioprinting provide the potential for the automated creation of complex geometries that is required toward engineering thick complex tissue.
To date, bioprinting has been used to replicate parts of nephron, liver, heart, and lung architectures. The Lewis group recently reported a model of the kidney proximal tubule [ Fig. 4(a) ]. [129] In this system, the proximal tubule geometry is first printed in a sacrificial layer of Pluronic ® . This tubule is then encapsulated within a bulk gelatin-fibrin matrix and evacuated to leave behind a perfusable proximal tubule model. After seeding with proximal tubule epithelial cells, this model appeared to have improved functionality when compared with cells cultured in 2D alone and showed structural and functional nephrotoxicity when injured by cyclosporine.
Faulkner-Jones et al. showed that both hiPSC and hESC could be printed directly in an alginate gel and subsequently differentiated into albumin producing hepatocyte-like cells. [132] Primary cells have been used by Nguyen et al., who modeled drug-induced liver injury in bioprinted tissues. [133] To create a high throughput liver-on-chip model, Bhise et al. bioprinted constructs containing hepatic spheroids. [134] By combining spheroids with bioprinting, constructs that better mimic the native oxygen gradient in tissues can be rapidly formed. Placed under continuous flow these constructs could be used to model hepatoxicity, and illustrate the utility of bioprinting as a technique for highthroughput screening.
While resolution limitations have generally been prohibitive for researchers attempting to mimic the microarchitecture of the liver, Ma et al. recently made strides in this approach. [130] Using a DLP-based bioprinter, hexagonal liver lobules matched with human dimensions were printed in two layers [ Fig. 4(b) ]. The first contained a parenchymal mixture of iPSC-derived hepatic progenitor cells, and the second a non-parenchymal combination of cells of endothelial and mesenchymal origin. Through this process, constructs with higher expression of several hepatic genes suggested that printing and patterning progenitor cells lead to more mature cells than 2D culture or 3D encapsulation alone.
Gaetani et al. used extrusion based bioprinting to show that human cardiac progenitor cells could be printed in an alginatebased matrix. [135] These cells showed good viability after printing and could migrate into an adjacent, non-printed matrix. In a later study, this group enhanced the viability of printed cells by altering the matrix to a hyaluronic acid and gelatin-based material. [136] Printed progenitor cells could be differentiated in vitro, and constructs implanted into a mouse myocardial infarct contained cardiomyocyte and endothelial populations. While functional improvements were limited, these printed patches reduced fibrosis in the infarct region. In a more direct attempt at mimicking the native cardiac structure, Zhang et al. directly printed endothelial cells and then filled in voids of the scaffold with iPSC-derived cardiomyocytes. [137] Endothelial cells were printed in a mesh-like microfibrous structure that the authors hypothesize could remodel to form open lumen. Around this structure cardiomyocytes were seeded and spontaneous beating of the construct was observed. By altering the structural anisotropy of the network, cardiomyocyte alignment and contraction amplitude could be tuned. Models like this could prove to be useful for both cardiac drug screening, and as therapeutics.
The complex air-interface of lung tissue is difficult to replicate, but has been a target for bioprinting. Horváth et al. printed endothelial and epithelial layers of cells separated by a thin layer of matrix that more closely matches what is found in vivo than in existing models of this interface [ Fig. 4(c) ]. [131] While this approach is still in its infancy, it may represent a high-throughput technique to study and engineer the alveolar barrier. While bioprinting has not yet been widely applied to lung tissue engineering, it remains a promising approach as the technology matures.
Other techniques. Several other powerful techniques exist to create organ-specific tissues. Organoid cultures for the kidney, [138] [139] [140] liver, [141, 142] heart, [143] [144] [145] and lung, [146, 147] in which cells self-assemble into structures with organ-like hierarchy and features, provide insight into developmental and functional components of these organs. When combined with hPSC technology they may also ultimately serve as a source of therapeutic tissue. In addition, scaffold-free techniques, such as cell sheet engineering, also provide alternative methods to control 2D architecture at the molecular and cellular level, [97] which can further be assembled to form more complex tissues using multiple techniques. [148, 149] Perspectives and future directions
The goals, techniques, and approaches for organ-specific engineering are broad. Whether they are used to develop model biologic systems, to design high throughput drug discovery platforms, or to create therapeutic tissues, constructs built in the laboratory better replicate real biologic systems than ever before. The unique features of each organ lend themselves to Biomaterials for 3D Cell Biology Prospective Article certain approaches, and as a result progress toward each of these ends is heterogeneous. In the kidney, a variety of strategies have led to success. While complete recreation of the nephron is beyond the limits of current synthetic techniques, piecemeal reconstruction of renal components is ongoing. Future advances in engineered kidney functional units are in three major directions: (1) recapitulating multiple-segments of a nephron with differentiated function such as the glomeruli, loop-of-Henle, distal tubule, and connecting ducts; (2) integration of kidney capillaries with tubular segments for the study of the delicate transport properties in health and disease; and (3) modeling patientspecific structure and function toward the study of nephrotoxicity and injury-regeneration within the scope of precision medicine. Outside of these methods for creating structure de novo, decellularized, and recellularized whole human kidneys would provide the most relevant matrix scaffold for the support of cellular function. Further progress would benefit the drug development industry and could represent a promising organ transplantation alternative with minimal immune response and rejection by incorporating patient-specific cells.
Liver tissue engineering likely has the longest history of these four organs. The scale of the lobule, regular structure, and clear cellular organization of the liver make simplified models of the liver feasible. Nonetheless, complex 3D liver tissue organization and function has mostly been demonstrated in animal models. The functional units of a liver, or a sustainable 3D liver tissue model have not been achieved. Future work is [129] ). Ma et al. produced complex geometries that mimicked the hexagonal lobule structure in normal liver tissue through 3D bioprinting (b, figure adapted from Ma et al. [130] ). To recreate the lung tissue interface in gel, Horváth et al. used 3D printing to print endothelial and epithelial cell layers separated by a thin layer of matrix (c, figure adapted from Horváth et al. [131] ).
expected to advance the field of liver tissue engineering by incorporating appropriate liver sinusoidal vascular and stromal cells, identifying the important signals or cellular/structural support and fully recapitulating the cellular, biochemical, and biophysical signals in vivo.
Strategies for the heart have been similarly diverse, with many techniques leading to the production of contractile, but functionally immature, cardiac constructs. Although cardiomyocytes are the crux of these tissues, a focus on incorporating stromal and endothelial populations have increased the complexity of engineered cardiac tissues from all techniques. Vascularization remains as the most immediate need in the field, in both functional tissue and whole-organ scaffolding. Engineering perfusable heart tissue with proper architecture has advanced with recent progress. Future work remains to mature the tissue toward efficiently performing work in longterm culture, and rapidly integrating when implanted to improve perfusion and pump function in damaged cardiac tissue. Whole heart decellularization, though promising like other organs, requires further development in efficient cell seeding, retention, and maturation.
The lung remains an extraordinary challenge to engineer from scratch. Model systems produced through soft lithography remain a gold standard for in vitro approaches and continue to expand our understanding of pulmonary biology. The interactions between pulmonary endothelium and epithelium, and the unique properties of the liquid-air interface in the lung are all targets for these platforms. On the therapeutic side, synthetic alternatives that meet the unique vascular and mechanical demands of the lung have not yet emerged, positioning decellularized lungs as the de facto option for whole lung engineering. Early reports have hinted at their therapeutic efficacy, with transplant studies in rodents both showing promise and highlighting the difficulty of forming a non-leaky vasculature.
In addition to the continued development of engineering techniques, it is important to improve cell and matrix sources for both enhancing tissue function and promoting clinical translation. In particular, vascularization efforts in tissue engineering have mostly relied on human umbilical vein endothelial cells (HUVECs). HUVEC-formed vessels, unfortunately, are known for poor survival and immunogenicity in vivo, [150] and do not recapitulate organ-specific vessel characteristics. [151] It is therefore important to find alternative endothelial cell sources, ideally a common autologous patient cell source for all parenchymal cells in engineered tissues or organ functional units. While isolating primary cells from patient-specific biopsy samples is possible, advances in stem cell engineering provide the potential to create multiple cell lineages from patient-specific pluripotent stem cells. [152] It is possible that cells derived from a single-cell source could provide structural and functional support to each other and further enhance the functionality of the engineered tissues.
Recapitulating the complexity of native tissue matrices also remains an open challenge. The matrix can communicate essential cues related to cell fate [153] and function, [154] and is a critical component in the design of engineered tissues. To meet these design and fabrication needs, many advances have been made in the biomaterials available for engineered tissues, ranging from natural and synthetic biomaterials to decellularized matrices. [120, 155] Despite these advances, an understanding and ability to engineer matrices that mimic the biochemical composition and ultrastructure of native tissue is limited. Decellularization protocols preserve many of these features, but still cause some changes to the matrix. Depending on the decellularization method used, the matrix's structural, mechanical, and biochemical properties can change, [156] which may ultimately alter the characteristics of seeded cells. Hydrogels can also be derived from decellularized matrices enabling their use in a wider variety of tissue engineering techniques. [121] Forming these hydrogels is not without compromise, however, as some of the ultrastructural features of the native matrix are lost in the process of solubilization. [157] Advances in matrices that can guide the performance of encapsulated cells will lead to more complex and advanced constructs that better integrate with host tissue.
In general, the tissue-engineering approach has significantly advanced the tools available to study the physiology and pathology of many organs. The discussed approaches benefit not only the kidney, liver, heart, and lungs, but the engineering principles, biomaterials, and selection criteria can also be used to model any other organ. Toward next-level function of engineered tissue, one ignored, but unachieved topic is the integration of the nervous system, which will require the combination of neural cell biology and tissue engineering knowledge. While we move forward, it is important to keep in mind the basic anatomy and physiology of the body, learn from its organization, and continue to improve our tissue engineering models to better benefit healthcare.
